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Abstract
In scenarios with extra dimensions and TeV-scale quantum gravity, black holes are expected to be produced copiously at
center-of-mass energies above the fundamental Planck scale. The Large Hadron Collider (LHC) may thus turn into a factory of
black holes, at which their production and evaporation may be studied in detail. But even before the LHC starts operating, the
Pierre Auger Observatory for cosmic rays, presently under construction, has an opportunity to search for black hole signatures.
Black hole production in the scattering of ultrahigh energy cosmic neutrinos on nucleons in the atmosphere may initiate quasi-
horizontal air showers with distinct characteristics above the Standard Model rate. In this Letter, we compare the sensitivity of
LHC and Auger to black hole production by studying their respective reach in black hole production parameter space. Moreover,
we present constraints in this parameter space from the non-observation of horizontal showers by the Fly’s Eye Collaboration.
We find that if the ultrahigh energy neutrino flux is at the level expected from cosmic ray interactions with the cosmic microwave
background radiation, Auger has only a small window of opportunity to detect black holes before the start of the LHC. If, on
the other hand, larger ultrahigh energy neutrino fluxes on the level of the upper limit from “hidden” hadronic astrophysical
sources are realized in nature, then the first signs of black hole production may be observed at Auger. Moreover, in this case,
the Fly’s Eye constraints, although more model-dependent, turn out to be competitive with other currently available constraints
on TeV-scale gravity which are mainly based on interactions associated with Kaluza–Klein gravitons.
1. It has been conjectured quite some time ago that
black holes will be produced in the collision of two
light particles at center-of-mass (cm) energies above
the Planck scale with small impact parameters [1].
This remote possibility seems now within reach in the
context of theories with δ = D − 4  1 flat [2] or
warped [3] extra dimensions and a low fundamental
Planck scale MD  TeV characterizing quantum
gravity. In these theories one might expect the copious
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production of black holes in high energy collisions at
cm energies above MD [4–6].
Recently it has been emphasized [7,8] that the Large
Hadron Collider (LHC) [9], expected to have a first
physics run in 2006, may turn into a factory of black
holes at which their production and evaporation may
be studied in detail (see also Refs. [10,11]).
Black hole production and subsequent decay in the
scattering of ultrahigh energy cosmic neutrinos on nu-
cleons in the atmosphere may initiate quasi-horizontal
air showers far above the Standard Model rate. Re-
cently it was argued [12] that the search for such air
showers at the Pierre Auger Observatory [13] for ex-
PII: S0370-2693(01) 01 42 1- 6
0370-2693  2002 Elsevier Science B.V.Open access under CC BY license.
 2002 Elsevier Science B.V.Open access under CC BY license.
136 A. Ringwald, H. Tu / Physics Letters B 525 (2002) 135–142
tensive air showers, expected to be completed by the
end of 2003, might have enough sensitivity to probe
black hole physics if the fundamental Planck scale is
below 2 TeV. The corresponding experimental signa-
ture was worked out in Ref. [14]. Further discussions
of cosmic ray issues associated with black hole pro-
duction may be found in Ref. [15]. In Ref. [16], the
detection of black holes at the planned neutrino tele-
scope ICECUBE [17] was considered.
The purpose of the present letter is to compare the
sensitivity of the LHC and Auger to black hole pro-
duction by studying their respective reach in black
hole production parameter space. Moreover, we de-
rive constraints on this parameter space from the
non-observation of horizontal showers [18] by the
Fly’s Eye Collaboration [19]. These constraints on
TeV-scale gravity complement the ones which arise
from the confrontation of collider [20,21], astrophys-
ical [22], cosmological [23], and cosmic ray [24–26]
data with predictions mainly based on interactions as-
sociated with Kaluza–Klein gravitons (for recent re-
views, see, e.g., Ref. [27]), according to which a fun-
damental Planck scale as low as MD = O(1) TeV is
still allowed for δ  4 flat or δ  1 warped extra di-
mensions.
In Section 2, we review the phenomenological
model for black hole production and decay in scenar-
ios with TeV-scale gravity. We determine the contri-
bution of black hole production to the proton–proton
and neutrino–nucleon cross section, respectively, for
various values of the model parameters. The reach
of the LHC in the black hole parameter space fol-
lows immediately from these considerations. In Sec-
tion 3, we determine the rate of quasi-horizontal air
showers initiated by neutrino-nucleon scattering into
black holes expected at Auger. In order to be able to
make a fair comparison of the reach of Auger ver-
sus the LHC to black hole production, we exploit both
conservative lower and upper limits on the presently
unknown flux of ultrahigh energy cosmic neutrinos.
We recall also the Fly’s Eye upper limit on the ultra-
high energy neutrino flux times the neutrino–nucleon
cross section and present various upper limits on the
neutrino–nucleon cross section, obtained from various
assumptions about the neutrino flux. These upper lim-
its are then turned into exclusion regions in the black
hole parameter space. Section 4 contains our conclu-
sions.
2. We start with a review of the current understand-
ing of the production and decay of black holes in TeV-
scale gravity scenarios [4–8,10,11].
Based on semiclassical reasoning [1], one expects
that at trans-Planckian parton-parton cm energies
squared, sˆ  M2
D , and at small parton–parton im-
pact parameters, b rS (Mbh =
√
sˆ ), i.e., at impact
parameters much smaller than the Schwarzschild ra-
dius rS of a (4+ δ)-dimensional black hole with mass
Mbh =
√
sˆ [28], 1
(1)rS = 1
MD
[
Mbh
MD
(2δπ δ−32 ( 3+δ2 )
2+ δ
)] 1
1+δ
,
a black hole forms with a cross section
σˆ (ij→ bh)≡ σˆ bhij (sˆ)
(2)≈ π r2S(Mbh =
√
sˆ ) θ
(√
sˆ −Mminbh
)
.
Here, Mminbh MD parametrizes the cm energy above
which the semiclassical reasoning mentioned above is
assumed to be valid.
Some caveats have to be mentioned, however. As
noted in Ref. [29], the semiclassical production of
black holes resembles largely the problem of baryon
and lepton number violating processes (“sphaleron
[30] production”) in multi-TeV (
√
sˆmW/αW ) par-
ticle collisions in the standard electroweak theory
[31–36], which is not yet completely understood [37].
In fact, also in the latter case a simple geometric be-
havior similar to Eq. (2), with the Schwarzschild ra-
dius replaced by the sphaleron radius ∼m−1W , was ad-
vocated in Refs. [32,33]. In both cases, there might
be additional exponential suppression factors render-
ing semiclassical sphaleron or black hole production
unobservable in the TeV range [29] (see, however,
Ref. [10]).
With these caveats understood, one may infer from
the estimate (2) the contribution of black hole produc-
tion to the proton–proton and neutrino–nucleon cross
section,
σ bhpp(s)=
∑
ij
1∫
0
dx1 dx2
1 We define MD as in Ref. [20]. Eq. (1) is valid as long as
rS  Rc , with Rc being the compactification or curvature radii in
the flat or warped scenario, respectively.
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×fi(x1,µ)fj (x2,µ)+ fi(x2,µ)fj (x1,µ)
1+ δij
(3)×σˆ bhij (x1 x2 s),
(4)σ bhνN (s)=
∑
i
1∫
0
dx fi(x,µ) σˆ bhνi (xs).
Here, s denotes the proton–proton or neutrino–nucleon
cm energy squared. The sum extends over all par-
tons in the nucleon, with parton distribution functions
fi(x,µ) and factorization scale µ. For our numerical
integration we have used various sets of parton dis-
tributions as they are implemented in the parton dis-
tribution library PDFLIB [38]. Uncertainties associ-
ated with different parton distribution sets are in the
O(20)% range and are not explicitely displayed in the
following.
The reach of the LHC to black hole production
is illustrated in Fig. 1 for δ = 6 extra dimensions.
The number of black hole events produced in a time
interval t , Nbh = σ bhpp · L · t , has been calculated
using the CTEQ5D parton distributions [39] with 2
µ=min(√sˆ,10 TeV) in Eq. (3) and the LHC design
values
√
s = 14 TeV for the proton–proton cm energy
and L = 1034 cm−2 s−1 for the luminosity [9]. As
can be seen from Fig. 1, the LHC can explore the
production of black holes with minimum masses
nearly up to its kinematical limit of 14 TeV, if MD
is below 2 TeV.
In order to appreciate the event numbers indicated
in Fig. 1, let us mention the expected signature of
black hole decay, which is quite spectacular. Once pro-
duced, black holes decay primarily via Hawking radi-
ation [40] into a large number of O(20) hard quanta,
with energies approaching several hundreds of GeV.
A substantial fraction of the beam energy is deposited
in visible transverse energy, in an event with high
sphericity. From previous studies of sphaleron produc-
tion, which has quite similar event characteristics [33–
36], as well as from first event simulations of black
hole production [8], it is clear that only a handful of
such events is needed at the LHC to discriminate them
from perturbative Standard Model background.
2 If one uses, instead, the other natural factorization scale µ=
r−1S [7,15], which is typically much smaller than
√
sˆ , the predicted
production rates decrease by a factor of O(2).
Fig. 1. Accessible region in the black hole production parameters at
the LHC for δ = 6 extra dimensions. The solid and the dotted lines
are contours of constant numbers of produced black holes per year
(107 s) with a mass larger than Mminbh , for a fundamental Planck
mass MD . The shaded dotted, MD = Mminbh , and shaded solid,
MD = (1/5)Mminbh , lines give a rough indication of the boundary
of applicability of the semiclassical picture [7].
The contribution of black hole production to the
neutrino–nucleon cross section is displayed in Fig. 2,
for MD = 1 TeV, Mminbh = 5 TeV, and various val-
ues of δ, as a function of the neutrino’s energy
in the nucleon’s rest frame, Eν = s/(2mN), with
mN = (mp + mn)/2 being the nucleon mass. Here,
the CTEQ3D [41] parton distributions with 2 µ =
min (
√
sˆ,10 TeV) have been used in Eq. (3). The Stan-
dard Model charged current contribution, also shown
in Fig. 2, has been taken from Ref. [42], which com-
pares favorably with the one presented in Ref. [43].
For the time being, we ignore possible unitarity cor-
rections which might reduce the Standard Model con-
tribution somewhat [44].
3. Let us consider now the rate of quasi-horizontal
air showers initiated by neutrino–nucleon scattering
into black holes expected at the Pierre Auger Ob-
servatory. For neutrino–nucleon cross sections below
O(10) µb, the neutrino flux attenuation in the upper
atmosphere can be neglected, and the number of black
hole initiated horizontal air showers with an energy
larger than a threshold energy Eth expected to be mea-
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Fig. 2. Cross section σ bh
νN
, Eq. (4), for black hole production in
neutrino–nucleon scattering, for MD = 1 TeV, Mminbh = 5 TeV,
and δ = 2,4,6 extra dimensions (solid lines, from bottom to top).
Also shown is the Standard Model (SM) charged current (CC)
neutrino–nucleon cross section (dashed-dotted line).
sured at Auger in a time interval t is given by
Nbhsh (> Eth)=tNAρair
∞∫
Eth
dEν
(5)× Fν(Eν)σ bhνN (Eν)A(Eν),
where NA is Avogadro’s constant, ρair  10−3 g cm−3
is the air density, Fν =∑i (Fνi + Fν¯i ) is the sum of
the differential diffuse neutrino fluxes, and A is the
detector acceptance [45]. Note, that Eq. (5) assumes
that 100% of the incident neutrino energy goes into
visible, hadronic or electromagnetic shower energy,
as it is the case for Standard Model, νe and ν¯e
initiated charged current interactions, as well as for
sphaleron [34–36] and black hole [5,12] production
and decay, at least to a good approximation.
Of central importance in the evaluation of the event
rate (5) is the expected differential flux Fν of ultra-
high energy neutrinos to which we turn our atten-
tion next (for recent reviews, see Ref. [46]). Though
atmospheric neutrinos, i.e., neutrinos produced in
hadronic showers in the atmosphere, are certainly
present, their flux in the ultrahigh energy region is an-
ticipated to be negligible [47]. Much more promising,
but also more or less guaranteed are the so-called cos-
mogenic neutrinos which are produced when ultrahigh
energy protons inelastically scatter off the cosmic mi-
crowave background radiation [48] in processes such
Fig. 3. Predictions of the cosmogenic neutrino flux,
Fν = ∑i [Fνi + Fν¯i ]. Short-dashed line: flux from Ref. [50]
(cf. Ref. [12]). Long-dashed (long-dashed–dotted) line: flux from
Ref. [52] for cosmological evolution parameters m = 2, zmax = 2
(m= 4, zmax = 4). Solid (dotted) line: flux from Ref. [53], assum-
ing a maximum energy of Emax = 3×1020(21) eV for the ultrahigh
energy cosmic rays. Shaded: theoretical upper limit of the neutrino
flux from “hidden” astrophysical sources that are non-transparent
to ultrahigh energy nucleons [57].
as pγ → → nπ+, where the produced pion sub-
sequently decays [49–51]. Recent estimates of these
fluxes can be found in Refs. [52–55], some of which
are shown in Fig. 3.
Whereas the cosmogenic neutrino fluxes, discussed
above, represent reasonable lower limits on the ul-
trahigh energy neutrino flux, it is also useful to have
an upper limit on the latter [56,57]. Per construction,
the upper limit from “visible” hadronic astrophysical
sources, i.e., from those sources which are transparent
to ultrahigh energy cosmic protons and neutrons, is of
the order of the cosmogenic neutrino flux [56,57]. 3
The upper limit from “hidden” hadronic astrophysi-
cal sources, 4 i.e., from those sources from which only
photons and neutrinos can escape, is much larger [57]
and shown in Fig. 3.
3 The old prediction of the cosmogenic neutrino flux from
Ref. [50] (cf. Fig. 3), which has been used recently for estimates of
black hole detection rates at cosmic ray facilities [12,16], violates
the upper limit from “visible” hadronic astrophysical sources [56,
57] by a factor O(2–3).
4 For an early determination of such an upper limit, see Ref. [58].
Fluxes of this size are predicted in the context of the Z-burst
scenario [59] for the highest energy cosmic rays.
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The projected sensitivity of Auger to black hole
production can now be investigated, for a given neu-
trino flux, by calculating the event rate (5). Through-
out, we shall use the acceptance of the ground array
of Auger corresponding to hadronic horizontal show-
ers (highest curve in Fig. 4 of Ref. [45]). Fig. 4 (top)
illustrates the reach in black hole production parame-
ter space, for δ = 6 extra dimensions, for the pre-
dicted cosmogenic neutrino fluxes from Ref. [53]. We
see, that in this case only a handful of events per
year can be expected at Auger from the fiducial re-
gion of parameter space (Mminbh  5MD), with a back-
ground from “normal” horizontal air showers initiated
by νes and ν¯es of about 0.03 (0.05) events per year,
for the flux from Ref. [53] with Emax = 3× 1020(21)
eV. A very similar reach of Auger as the one ob-
tained using the flux labeled Emax = 3× 1021 eV in
Ref. [53] (dotted line in Fig. 4 (top)) is obtained using
either the flux labeled (m = 4, zmax = 4) in Ref. [52]
(cf. Fig. 3) or the most recent prediction of the flux
from Ref. [55]. We have refrained from displaying the
reach of Auger as obtained from the predicted cosmo-
genic neutrino flux of Ref. [50] (cf. Fig. 3), which
has been used recently for estimates of black hole
detection rates at cosmic ray facilities [12,16], since
this prediction is disfavored by more recent calcula-
tions [52–55].
For a fair comparison of the event rates at Auger
with the ones at the LHC, we have to discuss how
many black hole initiated air showers are needed
to discriminate the signal from the Standard Model
background. Besides the enhanced rate for horizontal
showers, what is the characteristic signature of black
hole production in neutrino-induced air showers? In
Ref. [14] it was shown that these showers may have
an “anomalous” electromagnetic component: about
an order of magnitude bigger than Standard Model
νµ-initiated showers and at least an order of magnitude
smaller than Standard Model νe-initiated showers. It
was argued that this represents a very clean signal and,
correspondingly, that a total number of about O(20)
black hole events could give significant statistics to
test this phenomenon. An inspection of Fig. 4 (top)
leads then to the conclusion that Auger has only a
small window of opportunity to detect black holes
before the start of the LHC, if the ultrahigh energy
neutrino flux is at the level of the cosmogenic one
predicted by recent calculations [52–55].
Fig. 4. Projected Auger reach in the black hole production parame-
ters for δ = 6 extra dimensions. The shaded dotted, MD =Mminbh ,
and shaded solid, MD = (1/5)Mminbh , lines give a rough indication
of the boundary of applicability of the semiclassical picture [7].
Top: exploiting the cosmogenic neutrino flux from Ref. [53] (cf.
Fig. 3). The solid (dotted) line(s) assumes a maximum energy
3 × 1020(21) eV for the ultrahigh energy cosmic raysis and rep-
resents the contour of 1, respectively, 10 detected horizontal air
shower per year (107 s) initiated by neutrino–nucleon scattering into
a black hole with a mass larger than Mminbh , for a fundamental Planck
mass MD . The shaded dotted line labeled “FE” indicates the con-
straint arising from the non-observation of horizontal showers by
the Fly’s Eye Collaboration [18]. Bottom: exploiting the upper limit
on the neutrino flux from “hidden” hadronic astrophysical sources
from Ref. [57] (cf. Fig. 3). The solid lines represent the contour of
1 and 10 detected horizontal air shower per year (107 s) initiated by
neutrino–nucleon scattering into a black hole with a mass larger than
Mminbh , for a fundamental Planck mass MD . The shaded solid line la-
beled “FE” indicates the constraint arising from the non-observation
of horizontal showers by the Fly’s Eye Collaboration [18].
What is the region of black hole production para-
meter space which can be probed by Auger under the
most optimistic, but still conceivable conditions re-
garding the ultrahigh energy neutrino flux? An answer
to this question is provided by Fig. 4 (bottom), which
shows the reach in black hole production parameter
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space, for δ = 6 extra dimensions, for the upper limit
on the neutrino flux from “hidden” hadronic astro-
physical sources from Ref. [57] (cf. Fig. 3). The region
of black hole production parameter space accessible
in this case is impressive and extends much beyond
LHC. Note that the Standard Model background is
here about 3 events/year. If such large ultrahigh en-
ergy neutrino fluxes are realized in nature, then the
first signs of black hole production may be observed
at Auger.
Also shown in Fig. 4 are the constraints arising
from the non-observation of horizontal showers by
the Fly’s Eye Collaboration [18], which are obtained
as follows. The Fly’s Eye Collaboration puts upper
limits on the product of the total neutrino flux times
neutrino-nucleon cross section [18,60] that may be
parametrized [34] by the following power-law, least-
squares fit 5
(Fν σνN)(Eν)
 3.74× 10−42
(
Eν
1 GeV
)−1.48
GeV−1 s−1 sr−1
≡ (Fν σνN)Fly’s Eye(Eν),
for 108 GeVEν  1011 GeV
(6)and σνN(Eν) 10 µb.
Thus, for a given, predicted neutrino flux Fν pred, the
Fly’s Eye constraint (6) translates into an upper limit
on the νN cross section, σνN(Eν)  (Fν σνN)Fly’s Eye
(Eν)/Fν pred(Eν) [25,35] (for an early reasoning along
these lines using older data, see Ref. [61]), which
is shown in Fig. 5, for various flux predictions from
Fig. 3. Finally, a comparison of the prediction σνN =
σ SMνN + σ bhνN , where σνN is the Standard Model con-
tribution, with the upper limits of Fig. 5 yields then
excluded regions in black hole production parameter
space, as those shown in Fig. 4.
From an inspection of Fig. 4 (bottom) one finds that
the Fly’s Eye constraints on black hole production,
although more model dependent, compare favourably
with the currently available limits on TeV-scale grav-
ity [27], at least as long as a neutrino flux on the level
5 Here, again, it is assumed that 100% of the incident neutrino
energy goes into visible, hadronic or electromagnetic shower energy.
Otherwise, one has to take into account that the limit applies only
for the visible energy [25].
Fig. 5. Upper limit on the neutrino–nucleon cross section obtained
from the Fly’s Eye limit (6), for various predictions of the ultrahigh
energy neutrino flux, Fν =∑i [Fνi + Fν¯i ] (line styles as in Fig. 3).
Also shown is the Standard Model (SM) charged current (CC)
neutrino–nucleon cross section (dashed-dotted line).
of the upper limit from “hidden” hadronic sources is
realized in nature. In the case of the more conserva-
tive cosmogenic neutrino flux, however, the Fly’s Eye
constraints are only marginally competitive with the
above mentioned limits (cf. Fig. 4 (top)).
4. We considered the reach of the LHC and the
Pierre Auger Observatory to black hole production in
the context of extra dimension scenarios with TeV-
scale gravity. Moreover, we have also derived con-
straints in the black hole production parameter space
from the non-observation of horizontal showers by the
Fly’s Eye Collaboration. We found that if the ultra-
high energy neutrino flux is at the (almost guaranteed)
level of the cosmogenic one predicted by recent cal-
culations [52–55], Auger has only a small window of
opportunity before the start of the LHC to observe the
first signs of black hole production in horizontal air
showers initiated by ultrahigh energy neutrinos. If, on
the other hand, larger ultrahigh energy neutrino fluxes
on the level of the upper limit from “hidden” hadronic
astrophysical sources [57] are realized in nature, then
the first signs of black hole production may be ob-
served at Auger. Moreover, in this case, the Fly’s Eye
constraints, although more model-dependent, turn out
to be competitive with other currently available con-
straints on TeV-scale gravity which are mainly based
on interactions associated with Kaluza–Klein gravi-
tons. It remains to be seen from a full simulation
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whether the characteristics of Standard Model and
black hole initiated air showers are sufficiently dis-
tinctive [14] to successfully attribute an eventual ex-
cess in events to black hole production rather than
to an enhancement in the ultrahigh energy neutrino
flux. From the experience with the phenomenology of
sphaleron production [35] we think it is worthwhile to
work out also the signature expected to be seen in neu-
trino telescopes such as AMANDA/ICECUBE [17]
and RICE [62], which might offer additional ways to
look for black holes before the start of the LHC.
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